Nuclear Stellar Disks (NSDs), of a few tens to hundreds of parsec across, are a common and yet poorly studied feature of early-type galaxies. Still, such small disks represent a powerful tool to constrain the assembling history of galaxies, since they can be used to trace to the epoch when galaxies experienced their last major merger event. By studying the fraction and stellar age of NSDs it is thus possible to test the predictions for the assembly history of early-type galaxies according the current hierarchical paradigm for galaxy formation. In this paper we have produced the most comprehensive census of NSDs in nearby early-type galaxies by searching for such disks in objects within 100 Mpc and by using archival images from the Hubble Space Telescope. We found that NSDs are present in approximately 20% of early-type galaxies, and that the fraction of galaxies with NSDs does not depend on their Hubble type nor on their galactic environment, whereas the incidence of NSDs appears to decline in the most massive systems. Furthermore, we have separated the light contribution of twelve such disks from that of their surrounding stellar bulge in order to extract their physical properties. This doubles the number of decomposed NSDs and although the derived values for their central surface brightness and scale-length are consistent with previous studies they also give a hint of possible different characteristics due to different formation scenario between nuclear disks and other kinds of large galactic disks.
INTRODUCTION
More than a decade ago, Hubble Space Telescope (HST) observations revealed the presence of Nuclear Stellar Disks in several galaxies (van den Bosch et al. 1994a) . These disks are distinct nuclear components with a few tens to hundreds of parsecs in diameter and have since then been recognised as a relatively common feature in early-type galaxies (e.g. Rest et al. 2001 ) while being notably rare in spirals (Pizzella et al. 2002) . Despite the relatively high frequency of NSDs only a few studies were aimed at deriving their fundamental properties (Morelli et al. 2004; Pizzella et al. 2002; Scorza and van den Bosch 1998a) , whereas the interest in NSD revolved mainly around their dynamically cold character, which facilitates the mass measurement of central supermassive black holes (SMBHs) (e.g., van den Bosch and de Zeeuw 1996) .
Yet, NSDs may constitute a unique tool to constrain the assembling history of galaxies. NSDs are indeed fragile struc-⋆ E-mail: h.ledo@herts.ac.uk tures that should not survive a major merger event involving their host galaxy, which makes them useful clocks to trace the epoch since such an event occurred. Simple N-body simulations serve to illustrate the delicate nature of NSDs (Fig.  1) . Following Dotti et al. (2007) we set up a stable stellar disk that is 200 pc across, 10 8 M⊙ in mass and which is orbiting around a central SMBH of the same mass in the total gravitational potential dictated also by the stellar bulge and dark-matter halo. We have then let loose a second 10 8 M⊙ SMBH 80 pc above the galactic plane in a nearly circular polar orbit and follow the evolution of the disk. Given that early-type galaxies share the same black-hole mass content (Ferrarese and Merritt 2000; Gebhardt et al. 2000) , the interaction with a second SMBH of the same mass serves to explore in conservative way (without even considering the interaction with the stars around the second SMBH) the impact on the disk of a merging event with second galaxy of similar mass. Fig. 1 shows how after just 2.5 Myr the interaction with the alien SMBH has considerably disrupted the structure of the disk, which by becoming more vertically extended and radially concentrated would be very hard to detect.
A systematic study of the incidence of NSD in earlytype galaxies could therefore help constraining their assembling history, which, contrary to their star-formation history (e.g. Thomas et al. 2005) , is poorly understood. According to the standard hierarchical paradigm for galaxy formation, the most massive galaxies should have been the last to reach their final configuration as they follow the merging paths of their host dark-matter haloes. The galactic environment should also play a role since once galaxies enter very crowded environments such as galaxy clusters it is more difficult for them to merge due to the high relative velocities with which they cross each other. These dependencies are illustrated in Fig. 2 , which shows the predictions of the semi-analytical models of Khochfar and Silk (2006a,b) for the epoch of the last major merger experienced by galaxies of different masses and living in cluster or field environments. Semi-analytical models can also track whether the last merging events involved considerable amount of gas as well as the probability that a small gas-rich companion was subsequently acquired, which will then determine whether a NSD is found today. Numerical simulations (e.g. Hopkins and Quataert, submitted; Mayer et al. 2007; Barnes and Hernquist 1996) have indeed shown that when gas is involved in a merger event, it is always driven towards the centre of the remnant where it could then form a disk, depending on its angular momentum. NSDs could also provide constraints on the assembling history of their host galaxies in a more direct way, by dating the disk stellar population. In general, we expect the age of the stellar disk to represent a lower limit to the look-back time since the epoch of the last major merger event experienced by their host galaxy, since the NSD could have formed also after such an event, unless the last major merger was a gas rich event that led also to the formation of nuclear disk itself.
As a first step to use NSDs as tools to constrain the assembling history of early-type galaxies, in this paper we will provide for the first time a complete census of the nearby NSD population, providing also estimates for basic physical properties such as their mass and extent. This work will provide the basis for further investigations which will assess the fragility of the NSD identified here using a more comprehensive set of numerical simulations. Such set of fragile disks will constitute a sample for spectroscopic follow-up aimed at deriving their stellar ages, while the incidence of such fragile disks could be compared with the prediction of semi-analytical models.
This publication is organised as follows. To compile such a census we had to define a sample and retrieve the images ( §2), to look for disks in these galaxies and to separate the disks from the bulges in order to find their properties ( §3). The results will be presented in §4 and the conclusions in §5.
2 SAMPLE SELECTION AND DATA MINING
Selection and Acquisition
For this study we have selected, using the LEDA database (Paturel et al. 2003) , all early-type galaxies (E, E-S0, S0 Figure 1 . N-body simulation illustrating the fragility of nuclear stellar disks during major merger events. The top panel shows a stable nuclear disk 200 pc in diameter and 10 8 M ⊙ in mass that is orbiting a SMBH of the same mass in the total gravitational potential dictated also by the bulge and the dark matter particles, which are not shown for the sake of clarity. A second 10 8 M ⊙ SMBH is let loose in a nearly circular polar orbit 80 pc above the galactic plane, to simulate the impact with a second galaxy of similar mass. The lower panel illustrate the disruption suffered by the disk after just 2.5 Myr, which would be even greater if the bulge and dark matter particle from the incoming galaxy would have been included in the simulation. Figure 2 . Prediction of semi-analytical models from Khochfar and Silk (2006a,b) for the age of the last major merger event experienced by galaxies of different masses and in different environments. Field early-type galaxies appear to have assembled later than those in clusters. In clusters, the models also predict a clear dependence on mass, with larger galaxies assembling later.
and S0a) within 100 Mpc so as to produce a volume-limited sample. This list was then cross-correlated with the HST archive and all the galaxies with images from the WFPC2 and ACS cameras were requested, preferably the filters F555W and F606W. In some cases these filters were not available and others had to be chosen. The use of different passbands should not bias our estimates of the disk inclination and extent, however, as shown by Morelli et al. (2010) nuclear disks do not present strong radial colour gradients. After downloading the available images they were checked for their quality and those saturated, too dusty or in which the galaxy was lying at the edge of the detector were discarded since in these cases it would have been impossible to find NSDs even if they were present. In the end we collected a sample of 466 early-type galaxies with HST images, out of a parent LEDA sample of 6801 galaxies.
Sample Properties
Having a sample, we retrieved the global parameters of our galaxies. Of particular interest are MB and an estimate of the galactic environment, because they directly relate to the general questions we are trying to answer, and the galaxy inclination because it influences our ability to find the disks.The magnitude of our galaxies and an estimate for their inclination values are available from the LEDA database whereas to obtain a value for the galactic density we used the Nearby Galaxies Catalogue of Tully (1988) . Although the distribution of MB and environment values for our HST sample and its parent LEDA sample are somewhat different this does not pose as a problem when we are dealing with the incidence of NSD. Indeed in this case it only matters that in each magnitude bin we have enough objects to obtain secure estimates for the NSD fraction. Also inclination differences do not matter for constraining the incidence of NSDs, as long as the distribution of inclination in each HST subsample allows a reliable correction of the fraction of NSD (that is if there are enough galaxies where the disk could have been detected, see §4.1.1). On the other hand we need to keep in mind that any conclusion on the structural properties of the NSDs, such as their typical size or mass, will be specific to our HST sample.
Inclination
The more face-on a disk is, the harder it is to identify it. Rix and White (1990) have studied this problem and concluded that for inclinations with cos(i) > 0.6 it is impossible to detect disky signatures in the galaxy isophotes. The inclination, i, is defined as being 0
• for face-on disks and 90
• if they are edge-on. Although we do not know for sure the inclination of the nuclear disks, we will assume that the vast majority of them will have the same inclinations of their host galaxies, which is justified if we consider our sample galaxies as oblate axisymmetric spheroids. The LEDA database provides inclination estimates for the host galaxies based on the method applied by Heidmann et al. (1972) and Bottinelli et al. (1983) . The inclination was calculated assuming all galaxies of a given Hubble type had an axis ratio equal to that observed in the flattest galaxy of that type. By construction, this method provides a conservative lower estimate for our galaxies' inclination, since intrinsically rounder galaxies in a given Hubble type would in reality have a higher inclination. Using such lower estimates to correct the fraction of NSD will lead to an upper limit on their incidence, whereas the uncorrected fraction provides a lower limit as if we were assuming that all galaxies where edge-on.
ANALYSIS

Disk Identification Process
Having collected the HST images of 466 early-type galaxies, we systematically searched for the signature of the presence of a NSD, both in maps for the fine structure of the galaxy and in the shape of the galaxy isophotes. We have used the code of Pogge and Martini (2002) to generate structure maps for each of our sample galaxies, taking care to use in each case the appropriate WFPC2 or ACS point-spread function from the Tiny Tim code (Krist and Hook 2004) .
We then fitted ellipses to the galaxy isophotes using the IRAF task ellipse and, in particular, extracted profiles for the galaxy ellipticity, ǫ, and the A4 parameter which is the 4 th coefficient of the cosine term of the Fourier expansion of the considered isophotes (Carter 1977; Jedrzejewski 1987) . In practice, the A4 parameter measures the deviation of the isophote's shape from a perfect ellipse, and is positive in the case of disky deviations.
The existence of a disk in our galaxies is often revealed by the structure maps, but to separate disks from otherwise simply highly flattened central regions (e.g. a flattened bulge or a larger galactic-scale disk) we seek for a distinct peak in both the ǫ and A4 profiles. Figure 3 illustrates our disk-identification procedure for two sample galaxies, one with and one without a NSD. Similar figures for all the galaxies where we identified the presence of a nuclear disk are presented in Appendix A.
Disk-Bulge Decomposition
Having identified which galaxies in our sample host a NSD, we now wish to investigate the basic properties of such disks by disentangling their contribution to the observed surface brightness distribution of the host galaxy. For early-type galaxies where the main bulge component displays simple elliptical isophotes we can adopt the algorithm devised by Scorza and Bender (1995a) , whereby the best disk parameters are sought by iteratively subtracting from the galaxy image an exponential disk model until the original signature of the disk is completely erased in the ǫ and A4 profiles that are measured in the residual image. To perform the the Scorza & Bender decomposition on our sample nuclear disks we use the IDL implementation of this method of Morelli et al. (2004) , where more details about the algorithm can be found. Fig. 4 illustrates for the ESO507-027 how the disky deviations in the A4 profile are minimised after the subtraction of the best exponential disk model. Appendix B shows similar figures for all NSD that were found embedded in an elliptical bulge, whereas Table A1 lists their basic parameters. On the top panel we have the original image of NGC2592, its structure map and magnitude, ellipticity and A 4 profiles where no Nuclear Stellar Disk is visible and, on the bottom we have the same information for ESO507-027 where its presence is detected.
In a few cases we report the values for the disk parameters from previous studies.
Disk Size Estimates
For a large fraction of the NSD that we identified we could not apply the previously described technique efficiently, mostly owing to the presence of an intrinsically boxy bulge, in particular if the boxiness changes with radius, or dust. Under these circumstances we can at least estimate the extent of the NSD by exploiting the fact that the position of . Relation between the sizes derived from the peak in the A 4 profile and those obtained from the Scorza and Bender decomposition. Asterisks represent the disks decomposed in this work and crosses show disks decomposed in previous works (Scorza and Bender 1995b; Scorza and van den Bosch 1998a; Morelli et al. 2004; van den Bosch et al. 1994b) .
the peak of the A4 deviation introduced by the disk correlates loosely with the actual extent of the disk, as found in the objects for which a disk-bulge decomposition has been performed (Fig. 5) . This allowed us to estimate the sizes of the disks which could not be decomposed with the Scorza and Bender method. They are listed in Table A2 .
RESULTS
The Census
By inspecting the structure maps and the isophotal shape of the central regions of 466 early-type galaxies we have found evidence for a distinct disk component in 63 objects, corresponding to 13.52% of our sample. Table 1 breaks down the observed fraction of NSDs as a function of galaxy type, whereas Tab. 2 and Tab. 3 show the incidence of NSDs as function of the B-band absolute magnitude and galactic environment, when such quantities could be measured.
Inclination correction and Final Values
As mentioned in Sec 2.3, the inclination of the nuclear disks greatly affects our ability to detect them. It is indeed very likely that a considerable number of NSDs have escaped our detection because they lie in the equatorial plane of galaxies that are only slightly inclined from the plane of the sky, so that the NSDs appear close to face-on to us. The fraction of NSDs deduced directly from number of observed NSDs therefore represents only a lower limit for the true incidence of NSDs. We can estimate such true fraction considering that the number of NSDs that we have found should reflect the true fraction of NSD when considering only the systems where a NSDs could have in fact been detected, so that
where f NSD,observed is the observed fraction of NSDs in the entire sample and f detectable,NSD is the fraction of galaxies where NSDs can be found. Using the estimates for the inclination of our sample galaxies that we retrieved in Sec 2.3, we can compute f detectable,NSD considering that according to Rix and White (1990) the ability to detect an embedded disk drops very quickly for cos(i) > 0.6, independent of the relative disk contribution to the total light distribution. Using the previous equation, the fraction of galaxies with cos(i) < 0.6 and considering that our inclination values are only lower estimates we can correct our face values for the incidence of NSDs and obtain upper limits for such fractions. These are also listed in Tabs. 1, 2 and 3. Table 1 indicates that approximately between 13 and 23% of nearby early-type galaxies host nuclear stellar disks, without significant differences depending on their Hubble type. As regards the fraction of nuclear stellar disk as a function of their host absolute magnitude (Tab. 2), it would appear that the incidence of the disks peaks in the magnitude range between MB = −20 and −18, decreasing sharply in particular towards higher stellar luminosity where no NSD is found. In fact even accounting for the smaller number of surveyed systems in the −24 to −22 magnitude bin we should have found between 1 and 4 objects to be consistent with the fraction estimated in the −22 to −20 bin. Finally, there appears to be no significant trend with environment, at least as defined in Tully (1988) , although we need to keep in mind that unfortunately only less than half of our sample was found in this particular catalogue.
Properties of the Decomposed Disks
We have applied the Scorza & Bender disk-bulge decomposition to 12 disks, which doubles the number of NSD that were previously analysed in this way. Although a few more NSDs appeared embedded in well defined elliptical bulges, it was not possible to disentangle their light contribution. This is mainly because the observed A4 profile does not appear to be well described by the simple model we used for the disks. Scorza and van den Bosch (1998b) compiled all previous measurements for the structural properties of NSDs and plotted them together with other kinds of galactic disks in a µ 0 c − h plot which has later been updated by Morelli et al. (2004) and that we present in Figure 6 , to which we now add our own 12 objects. Although our values fall within the range found in previous results, confirming that NSDs follow a similar µ 0 c − h trend as embedded disks or main galactic disks, many of our decomposed NSDs appear to have a lower central surface brightness or smaller scale radius. In fact, the position of all NSDs in Fig . 6 suggests that these may follow a somewhat steeper and offset relation compared to bigger disks.
CONCLUSIONS
Nuclear stellar disks have long been regarded as common features in early-type galaxies, but a quantitative assessment of such statements was still lacking prior to this work. By performing the most extensive volume-limited census of NSDs to date we have now shown that between 13 to 23% of nearby early-type galaxies host such systems. The incidence of nuclear stellar disks appears to decline in the most massive systems, consistent with the expectations that dry mergers dominated the most recent history of such ob- jects (Khochfar and Silk 2009; Khochfar and Burkert 2003) and also with the finding that NSDs are exceedingly rare in brightest cluster galaxies (2%, Laine et al. 2003) . On the other hand, it is less clear what may cause the decrease in the fraction of NSDs that is found also at the faint end of our sample. Similarly, the lack of a dependence on galactic environment seems to contrast the first-order predictions of semi-analytical models (Fig. 2) . In fact, according to these galaxies in clusters should have assembled much earlier and thus there should have been more time to regrow a nuclear disk. On the other hand, galaxies in cluster may not have ample reservoirs of cold gas at their disposal, in particular if orbiting within the hot-gas halo of the cluster, so that the early assembly of clusters does not make the presence of nuclear disks in cluster galaxies much more likely than in their field counterparts.
Using the well established technique of Scorza and Bender (1995a) to disentangle the light contribution of embedded disks from that of their surrounding bulges, we have extracted the structural parameters of 12 out of the 63 NSDs that we have identified. By doubling the number of NSDs we have shown even more convincingly that NSDs, like other kinds of large galactic disks, follow a correlation between the central surface brightness µ 0 c and scale length h, although it would appear that NSDs obey a somewhat different relation with smaller scale lengths or fainter central surface brightness values. Considering that disk galaxies obey a very precise relation between their total luminosity and their maximum rotation velocity (the Tully-Fisher relation, Tully and Fisher (1977) ) that may ultimately derive from the fact that they form in the dark matter halos that surround and dominate the mass budget of galaxies (Steinmetz and Navarro 1999) , it may not be completely unexpected that NSDs, by forming in the central and bulge-dominated regions of galaxies, may have different structural and dynamical properties than that of their larger relatives. In fact, it is also possible that the structural properties of NSDs vary when dealing with different kinds of early-type galaxies such as disky and boxy systems (Kormendy and Bender 1996) . Although the main reason for failing to isolate the disk component in the presence of a bulge of varying boxiness with radius (Sec 3.3) has mostly to do with an unclear a priori for the intrinsic A4 profile that the bulge should have in the absence of a disk, we cannot exclude that in boxy ellipticals NSDs may have a different profile than exponential. Along the lines first suggested by Bender and Saglia (1999) , NSDs in boxy ellipticals could be akin to the rapidly rotating components that in these objects are generally identified as kinematically decoupled cores, although in general such structure tend to extend over much larger scales than NSDs (McDermid et al. 2006) , in particular for massive ellipticals with the oldest stellar populations.
Finally, although for the majority of the NSDs we could not clearly separate the disk and bulge contributions to the central light of their host galaxies, we have nonetheless estimated their sizes using as a reference radius the distance from the centre where the diskyness of the central isophotes appears to peak. Such scale length estimate, coupled with the µ 0 c − h relation that NSDs appear also to obey and the N-body simulations, will be used in future investigations to assess which of our sample NSDs are indeed fragile against major merging events, thus providing good targets for a spectroscopic follow up aimed at constraining their stellar ages and thus, the time of their last major merger. 
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− − a We were unable to derive the errors for the inclination. Table A2 . Galaxies where disks were found and some of their properties.
(1) Galaxy's name; (2) Hubble type; (3) log 10 of the axis ratio; (4) log 10 of the apparent major axis diameter d25 at 25 mag.arcsec −2 ; (5) disk inclination; (6) absolute B-magnitude; (7) radial velocity corrected for Local Group infall towards Virgo (208 kms −1 ); (8) Distance derived from (7) and assuming H 0 =72 kms −1 Mpc −1 , except for Virgo cluster members for which we adopted a common distance of 18 Mpc (Fouqué et al. 2001) ; (9) Density from Tully (1988) ; (10) Disk size with the indication in (11) Figure A1 . ESO352-057 on the left panel, in the middle ESO378-020 and ESO507-027 at the right. The original images and the structure maps are shown on the left of each panel and on the right we can see the surface brightness, ellipticity and A 4 profiles. Figure A2 . IC0875 on the left, NGC0584 in the middle and NGC1023 on the right. Figure A3 . NGC1129 on the left, NGC1351 in the middle and NGC1381 on the right.
Nuclear Stellar Disks in Early-type Galaxies 13 Figure A4 . NGC1426 on the left, NGC1427 in the middle and NGC1439 on the right. 
